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A 2-year field study was conducted on the effects of two sulfur
fertilizers (calcium sulfate or elemental S, 0 or 50 kg S ha-1 yr-I)
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I. INTRODUCTION
Sulfur (S) is an important element in agriculture because plants
require S for synthesis of essential amino acids, proteins, certain
vitamins and coenzymes, glucoside oils, and activation of certain
enzymes.Sulfur deficiencies in soils have been identified throughout
the world, including 37 states in the United States, western Canada,
and Ontario.Deficiencies of S on agronomic crops are increasing in
frequency because of increased use of high-analysis fertilizers that
contain little or no S, increased crop yields, decreased use of
S-containing pesticides, more intensive cropping, and decreased
contribution of atmospheric S to soils because of reduced emissions of
atmospheric pollutants.In Oregon, plant responses to S have been
reported on pastures, subterranean clover, alfalfa, and wheat.Soils
of the maritime region of the Pacific Northwest are commonly deficient
in sulfur but current soil tests are not very reliable.Sulfur is
subject to transformation by microbial populations in soil, therefore
environmental factors are important to the study of S cycling.Much
of the research on S cycling in soils has been done under controlled
conditions in laboratory and greenhouse studies, thus it is difficult
to predict plant response to S under field conditions.
A field experiment was designed involving cropped and uncropped
treatments, and two S fertilizers.The distribution of S fractions,2
and selected chemical and biological parameters of the system were
monitored Over a 2-year period.
The objectives of this study were:
1.To investigate the dynamics of S cycling in soil under field
conditions.
2.To determine the influence of cropping and S fertilization on
the temporal distribution and transformations of soil S fractions.
3.To determine the relationship of environmental and soil
biological parameters to S cycling in soil.
This information is essential to developing more efficient S
fertilizer technologies and improved capabilities for predicting crop
S requirements.3
II. LITERATURE REVIEW
The total sulfur (S) content varies widely among soils.Most
aerobic soils have relatively small amounts of inorganic S (usually <
5 percent of the total S) with the remainder being in the organic S
pool.Generally, S inputs to soil are rapidly assimilated into the
organic matter fraction (Donald and Williams, 1954).Yet, plants
largely take up S in the inorganic SO4-2 form.While plants do have
the ability to absorb SO2 gas through their leaves, their main source
of S nutrition comes from the soil.The S status of some soils, with
respect to availability for plant use, has been highly correlated to
the soil organic matter content (Tabatabai and Bremner, 1972).Thus,
in soil systems, biological activity plays a critical role in
transformations and plant availability of S.
Inorganic Sulfur
The synthetic inorganic chemistry of S is complicated.Few
elements can bond with themselves and other elements in the same
compound.Sulfur may have any oxidation number from -2 to +6.Sulfur
fertilizers, soil amendments, and naturally occurring inorganic S
compounds are generally simple in structure, with the exception of
elemental S and polysulfides.S concentrations in most natural
waters, soils, and sediments are so low that S-S bonding is not very
common.At higher oxidation states the tendency for S-S bonding4
decreases.Under the aerobic conditions of most agricultural soils
higher S oxidation states are the most stable.In soils, S can exist
in the solid, aqueous, and gaseous phases, but the gaseous state is
quite transitory.In aerobic soils, the half-lives of SO2, SO3, and
H2S are only minutes, as they are readily oxidized to H2SO4 (Bohn, et
al., 1986).The H2S, SO2, SO3, and H2SO4 in the atmosphere are
removed by rainfall and by direct sorption by plants and soils
(Chamberlain, 1960).
Sulfate in the soil solution is readily available for plant
uptake.But its concentration is regulated by many factors, including
the solubility of sulfate salts and the capacity of the soil to adsorb
sulfate.The main factors involved in SO4-2 solubility are soil
moisture content, common ion effects, and ionic strength (Harward and
Reisenauer, 1966).The solubility of CaSO4 can control the SO4-2
concentration in solution in soils where Ca+2 dominates.And where
sodium and magnesium are the dominant cations, the SO4-2 levels may be
much higher (Barber, 1985).Reisenauer (1964) found that SO4-2 levels
of 25-50 ppm were quite common in soils, and that levels as high as
400 ppm and as low as 0.4 ppm were found for some arid and tropical
soils, respectively.
Adsorption reactions play an important role in controlling the
fate of SO4-2 in soils.Harward and Reisenauer (1966) concluded that:
most soils have some capacity to adsorb SO4-2; the amounts of adsorbed
SO4-2 in surface horizons may be low and are often greater in lower
horizons; kaolin minerals retain more SO4-2 than the montmorillonite5
clays; aluminum and iron hydrous oxides show a marked tendency to
retain SO4-2; and there is a strong dependency of SO4-2 retention upon
the equilibrium pH (retention increases as pH decreases).Elkins and
Ensminger (1971) confirmed this effect of pH on SO4-2 retention and
also found that as the rate of CaCO3 was increased, the uptake of
SO4-2 by five crops of soybeans and onecrop of cotton, grown
successively in the same soil, was generally greater.Barrow (1967)
found SO4-2 adsorption to be negatively correlated with total soil
nitrogen.
Adsorption of SO4-2 is a reversible process.Adsorbed SO4-2
can be desorbed with phosphate, though SO4-2 does not displace
appreciable amounts of phosphate, and adsorbed SO4-2 is in equilibrium
with solution SO4-2 (Barber, 1985).Thus as soil solution SO4-2 is
depleted, adsorbed SO4-2 can be desorbed and become available for
plant uptake.
Hydrous oxides of iron and aluminum, and edges of
aluminosilicate clay particles are believed to be responsible for
SO4-2 adsorption by soils (Harward et al., 1962).These oxides may
exist as coatings on clay minerals (Fox et al., 1971; Parfitt, 1980)
or as free oxides (Sanders and Tinker, 1975).Al oxides seem to have
greater SO4-2 adsorption capacities than do the Fe oxides (Ensminger,
1954; Aylmore et al., 1967; Koter et al., 1971).In soils,
adsorption/desorption reactions can be quite slow (Barrow, 1967), and
this may be due to incomplete exposure of some adsorption sites.
Sulfate may also be adsorbed by organic matter, but there is6
evidence that it is probably adsorbed by (Al, Fe)-humus complexes
rather than by organic matter alone (Bloom, 1981).In studies
involving adsorption and desorption by soils it is hypothesized that
some of the added SO4-2 not readily desorbed may have been converted
to organic forms (Sanders and Tinker, 1975).
In practical terms, because phosphate is adsorbed more strongly
to soils than SO4-2, phosphate can be used as the extractant for
measuring adsorbed SO4-2 (Fox et al., 1964).Anion competition for
adsorption sites is a major factor in soils, and studies indicate that
organic polyanions probably adsorb more strongly than SO4-2on both
soils and sesquioxides (Bowden et al., 1980; Barrow et al., 1980).
Rainfall enhances the weathering of soil and can increase the fraction
of adsorbed SO4-2 relative to the total S content (Hasan et al.,
1970).Rainfall can also leach SO4-2 to depths below the root zone
(Toxopeus, 1970; Gregg and Goh, 1979).
Soil Organic Sulfur
Soil organic matter plays a key role in in the cycling of
sulfur.The mineralization of organic S can replenish the SO4-2 pool,
and conversely, SO4-2 additions can be immobilized in the organic
matter.The relative rates of these reactions vary with the amount of
SO4-2 added, type of cropping, soil properties, and climatic
conditions (Barrow, 1967; Hague and Walmsley, 1974; Freney and Swaby,7
1975; Tabatabai and Al-Khafaji, 1980; Kang et al., 1981).Thus, soil
systems are quite complex with respect to the transformations of
organic S compounds.
Soil organic S is present in many different forms and has been
fractionated into the broad categories of ester sulfate, C-bonded
S, and residual (nonreducible) organic S (Neptune et al., 1975;
Anderson, 1975).The ester sulfate fraction consists of organic S
that is not directly bonded to carbon and can be reduced to H2S by
hydriodic acid. Included in this fraction are C-O-S linkages, sulfamic
acid (C-N-S), and the second S in S-sulfocysteine (C-S-S).Many of
these compounds originate from soil invertebrates, microorganisms, and
plants (Fitzgerald, 1976, 1978).Because the S in this fraction can
be readily hydrolyzed by acid and alkali, ester sulfate has been
considered the most labile organic S fraction (Spencer and Freney,
1960; Lowe, 1965; Freney et al.,1971; Cooper, 1972).
The C-bonded S fraction consists of organic S which is
directly bonded to carbon and can be reduced to H2S by Raney-Ni.
Included in this fraction are mercaptans (R-C-SH), sulfoxides
(R-C-SO-CH3), and sulfinic acids (R-C-SO-OH).However, Raney-Ni
does not react with S in the form of aliphatic sulfones or aliphatic
sulfonic acids, and such compounds are considered to be part of a
separate S fraction.Although only a few soils have been studied,
there is a strong correlation between the amounts of Raney-Ni
reducible S (C-bonded S) and amino acid S, and it is possible that
this technique mainly measures the amino acid S from methionine and8
cystine (Freney et al., 1975; Scott et al., 1981).
The residual S fraction is considered inert, as it cannot be
measured directly.It consists of organic S which is not reducible by
hydriodic acid or Raney-Ni, including chemically unreactive C-bonded S
compounds.This fraction may be in the form of aliphatic sulfones and
sulfonic acids.
Apart from external sources, the major supply of S to the soil
solution usually comes from the decomposition of organic matter.
Consequently, this S cycling in the vadose zone is closely related to
soil biological and biochemical dynamics, which is controlled by the
availability of energy sources in soil.Atmospheric contributions
through wet and dry deposition can be > 50 kg S ha-1 yr-I in the
eastern U.S., but in Oregon inputs are < 2 kg S ha-1 yr-I (unpublished
data, National Atmospheric Deposition Program, Fort Collins, CO.).
Other contributing factors may be the presence and type of plants, and
soil pH.
Unlike C and N, different turnover rates for S are found among
different soil organic matter fractions, and much of the labile ester
sulfates are found to be present in the fulvic acid pool (Bettany et
al., 1980).The ratio of N to S mineralized in some studies was much
larger than that of the soil organic matter (Williams, 1967; Tabatabai
and Bremner, 1972; Hague and Walmsley, 1972), indicating that S
cycling is somewhat independent of C and N cycling.Sulfur released
from organic matter is oxidized into SO4-2 under aerobic conditions by
microorganisms, such as Thiobacillus thiooxidans, which play a key9
role in S mineralization.But, free SO4-2 may also be released
directly from ester sulfates in the soil organic matter.Thus, unlike
N, S mineralization proceeds by more than one mechanism.
Ester sulfate can be readily hydrolyzed in soils to yield free
SO4-2.The hydrolysis is catalyzed by sulfohydrolases, such as
arylsulfatase, and these enzymes are of microbial origin(Tabatabai
and Bremner, 1970a, 1970b).Carbon bonded S (amino acid S) is readily
available to microbes, but must be mineralized to inorganic SO4-2
before becoming available to plants.Residual S (nonreducible S) must
also be biologically transformed into inorganic SO4-2 before it is
ultimately available to plants.
Cultivation of soils has been shown to enhance mineralization
processes and decrease the organic matter content (Allison, 1973),
along with a concurrent decrease in organic S, even in the presence of
S fertilizer applications (Harper, 1959; Williams and Lipsett, 1961;
Bettany et al., 1973; McLaren and Swift, 1977).Mineralized SO4-2 can
be taken up by plants and incorporated into organic matter, or it can
be lost by leaching through the soil profile.
The influence of cropping on S transformations in soil is an
important factor to consider.Since root exudates and sloughed off
cells are readily available energy sources, greater microbial activity
can be expected in the rhizosphere (Marschner, 1986).In a pot
experiment, Freney and Spencer (1960) observed net mineralization of
sulfur in the presence of growing plants, while net S immobilization
occurred in the absence of plants.Although the amount of inorganic10
SO4-2 released from soils during incubation in the absence of plants
was not related to arylsulfatase activity (Tabatabai and Bremner,
1972; Kowalenko and Lowe, 1975), other studies suggest that there is a
relationship between arylsulfatase activity and S mineralization in
the presence of plants (Speir, 1977; Lee and Speir, 1979).However,
it is difficult to extrapolate these greenhouse results to cropping
effects on S transformations under field conditions.
In the field, it has been shown that under long-term S depletion
the ultimate S source is from the residual (non-reducible) fraction
(Castellano and Dick, 1988).However, in the short-term, greenhouse
studies have shown that ester sulfate is the immediate source of plant
available S (McLaren et al., 1985).
Developing further information and understanding of S
transformations is critical in developing more efficient S
fertilization practices and in predicting the availability of S for
plant uptake.Much of the research on mechanisms of S cycling has
been done in lab incubation or greenhouse studies.The limited amount
of field research that has been done was in relation to tracking
seasonal variations of SO4-2 levels, without consideration of organic
S fractions or biological activity (Williams and Lipsett, 1961;
Simon-Sylvestre, 1965; Barrow, 1966).These studies generally found
there was an accumulation of SO4-2 in the summer with a decrease in
SO4-2 during the winter which was attributed to leaching losses.
Sulfur soil testing procedures have largely been based on
relating the amount of SO4-2 extracted by LiCl, KH2PO4, or Ca(H2PO4)211
to crop yield.These extractants have had limited success in
predicting S requirements for crop growth (Jones, 1986).This
approach appears to work best in coarse textured soils with low
organic matter.Evidence for this was provided by Westerman (1974)
who reported a strong relationship of S uptake and yield of alfalfa in
Idaho with LiCl or KH2PO4 extractable SO4-2 (r2 0.80).In this
study organic matter ranged from 0.87 to 2.98% and texture ranged from
gravelly loans to loans.In Ireland, Brogan and Murphy (1980) found
that overall, S soil testing was not useful, with the exception of
white clover (T. repens L.)-grass sites where about 55% of the soils
with > 50% sand and < 3% organic C responded to S.Conversely, only
15% of the soils with < 50% sand and > 3% organic C responded to S.
Most likely the lack of reliable results with soils higher in organic
matter is related to the inability to extract the labile organic S
fraction and the inability to predict biologically mediated
mineralization/immobilization reactions as influenced by seasonal
variations in temperature and soil moisture levels.12
III.MATERIALS AND METHODS
A field study was conducted on a Woodburn soil (Aquultic
Argixeroll) in the Willamette Valley of western Oregon.The
Willamette Valley climate is characterized by a cool-wet winter and
spring followed by a warm-dry summer.The Woodburn soil is a common
valley-floor soil that is extensively cultivated.The specific site,
near the Hyslop Farm Experiment Station, had no S fertilization for
approximately 20 years before the study.
The experimental variables were two rates of S fertilizer (zero
and 50 kg S ha-1) as elemental S or as calcium sulfate, and cropped
(winter rape, Brassica napus) or uncropped treatments.The treatments
(four replications) were arranged in a randomized block, with a
split-plot design, where the cropped and uncropped treatments were the
main plots, and zero S (control), elemental S (ES), and calcium
sulfate (CS) were randomly assigned to subplots.Winter rape was used
as the indicator crop because of its high S requirement.The subplots
were 5 x 10 m.The S treatments, ammonium nitrate (50 kg N ha-1), and
triple superphosphate (20 kg P ha-1), and Devronol (4.5 kg ai ha-1)
for weed control were broadcast on all plots before seeding and
incorporated to a depth of 15 cm (September 27, 1986; September 15,
1987).Winter rape was planted (9 kg ha-1) in 16 rows per plot, 30 cm
apart (September 29, 1986; September 17, 1987).After planting, weeds
were controlled byhandweeding.In mid-March of each year, a
topdress of 140 kg N ha-1 was broadcast across all plots.Daily
precipitation and daily soil temperature at a depth of 10 cm were13
measured at the site.At the seed setting stage, just prior to
harvest (May 19, 1987; June 15, 1988), two randomly chosen 0.31 m2
areas of plants from each plot were excised to determine root, shoot,
and leaf dry weights, total dry matter yield, and total S content of
plant parts (Tabatabai and Bremner, 1970c).The 4 inner rows of each
plot by approximately 6.1 m of rape were harvested (July 10, 1987,
1988) to determine grain yield and grain S content.The experiment
was carried out for two years, and in the second year, the same
treatments were applied to the same plots as the previous year.
Soil samples from the 0-15, 15-30, 30-60, 60-90, and 90-120 cm
depths for each plot were taken before the treatments were applied at
the beginning of the study (September, 1986), and again at the end of
the study after the second year's harvest.Monthly, composite soil
samples from the 0-15 cm depth were taken from each plot.Composite
soil samples from the 15 to 30 cm depth were taken three times during
year 1 and six times during year 2.All soil samples were sieved
(2mm) and stored at 4°C.
Moisture content of each sample was determined gravimetrically
using microwave radiation (Hankin and Sawhney, 1978).Microbial
biomass C was measured by chloroform fumigation of soil (Jenkinson and
Powlson, 1976), followed by a 10-day incubation in a sealed tube and
subsequent CO2 analysis (gas chromatography) of tube atmosphere; tube
head space was determined by gas-resistance measurements.
Microbial biomass S (measured during the final 5 months of the
experiment on control and CS treated plots) was estimated by
difference between calcium phosphate extractable S from chloroform14
fumigated nd non-fumigated soil samples (Saggar et al., 1981a).Soil
extracts w!re obtained by reduced pressure filtration with a
0.45-micron filter, dried in a convection oven, and analyzed for total
S by the method of Tabatabai and Bremner (1970c) using a Johnson-
Nishita apparatus.Since this value is proportional to microbial
biomass sulfur, a recovery constant (Ks) had to be determined.A
modification of the method described by Saggar et al. (1981a) was
used.With soil dilutions as primary inoculum, mixed bacterial and
fungal cultures were grown in nutrient broth and potato dextrose
broth, respectively, using appropriate antibiotics (cycloheximide for
bacteria growth media; streptomycin and tetracycline for fungi growth
media).Cells were harvested, washed and regrown in sulfur-free media
adjusted to 1, 4, and 16 mg SO4-2 L-1, to cover a reasonable range of
SO4-2 concentrations commonly found in soils of thisarea.Cells were
harvested, washed, and made into dense suspensions by use of a Waring
blender.Total S was measured for 0.5-mL aliquots of the bacterial
and the fungal suspensions.Soil samples were spiked with microbial
suspensions (0.5 mL) and fumigated along with non-spiked samples.The
difference in total extractable S between spiked and non-spiked
samples yields an amount of S released from the added microbial
suspension.Knowing the total concentration of S in the microbial
suspensions allowed determination of percent recovery of biomass S
from bacteria and from fungi, which varied depending on SO4-2
concentration in the growth media.Averaging these values yielded
mean recovery constants for bacteria (Kb) and fungi (Kf).Assuming
that soil microbial biomass is 25 percent bacteria and 75 percent15
fungi bym4s(Saggar et al., 1981a), Kb and Kf were combined to
obtain the Ks value for this particular soil and extractant.
KC1 Isxtractable nitrate and ammonium were determined by steam
distillation into boric acid indicator followed by titration with
standardized H2SO4 (Bremner and Keeney, 1965).During year two,
nitrates were measured by ion chromatography using Ca(H2PO4)2
extractant.
Extractable phosphate was analyzed by acid-fluoride extraction
(Bray and Kurtz, 1945) and complexation with ascorbic acid and
antimony potassium tartrate, followed by colorimetric analysis (Murphy
and Riley, 1962).
Arylsulfatase enzyme activity was measured by using
p-nitrophenyl sulfate as the substrate with a one-hour incubation
(38°C), followed by colorimetric product analysis of p-nitrophenol in
alkaline solution (Tabatabai and Bremner, 1970a).
Sulfate was extracted with calcium phosphate (500 mg P L-1) (Fox
et al., 1964) and analyzed by ion chromatography.During the first
year of the study, SO4-2 was measured by direct HI reduction of the
extract and colorimetric analysis of the distillate (Johnson and
Nishita, 1952).
Ester sulfate was analyzed by direct HI reduction of the soil
sample using the Johnson-Nishita apparatus.HI reduces both free
SO4-2 and ester sulfate to hydrogen sulfidegas, which is trapped in a
Zn-acetate buffer and complexed into methylene blue.Ester sulfate is
defined as HI reducible S minus extractable SO4-2.
The Raney-Ni reduction procedure using the Johnson-Nishita16
apparatus (Freney et al., 1970) was used to determine carbon bonded S
(mainly the amino acids methionine and cystine).
Total S was determined by alkaline oxidation of dry soil (ground
and passed through a 0.25 mm sieve) with sodium hypobromite at
260-280°C followed by HI reduction using Johnson and Nishita apparatus
(Tabatabai and Bremner, 1970c).The oxidation step transforms all of
the S to free SO4-2 which is reducible by HI.
Residual S is defined as that S which is not reducible by HI or
Raney-Ni and is considered to be "recalcitrant".This fraction must
be determined by difference as follows:Residual STotal S- HI
reducible S- Raney-Ni reducible S.
Treatment effects on the 0 to 15 cm depth were compared by
analysis of variance (ANOVA) as a split-split plot design, where
cropping treatment is the main plot, S treatment is the subplot, and
sampling date is the sub-subplot.The SAS software program with the
general linear models subprogram was used to perform ANOVA procedures
(SAS Institute Inc., 1985).The vertical variability of SO4-2 within
the soil profile at the end of the experiment was analyzed using ANOVA
methods to compare treatments.Fisher's protected LSD was used for
means comparison.The OR-NATURE water and solute transport model
(Ungs et al., 1985) was used to estimate how much SO4-2 might be
transported from the subsoil to the surface soil during periods of
high evaporation.17
IV. RESULTS
Climatic factors are important to the interpretation and
understanding of the dynamics of S transformations in soilsystems.
Figure 1 shows rainfall, soil moisture, and mean monthly soil
temperature.During the months from November to March, monthly
rainfall ranged from 9 to 22 cm and 10 to 29 cm, 1986 and 1987
respectively.The period from August through October, 1987 had
unusually low rainfall (only trace amounts as compared to the longterm
29 year average of 14.4 cm for this three month period) which resulted
in below normal soil moisture levels for September and October.Over
the two year study, soil temperatures were consistently lowest in the
winter and highest in the summer.
Distribution of Sulfur fractions in Surface Soil
The distribution of inorganic SO4-2 (Fig. 2) in the surface soil
(0-15 cm) was significantly influenced by the S treatments (P<0.0001),
but not by cropping.The ES and control treatments tended to be
similar in both cropped and uncropped plots.In the winter months
SO4-2 levels ranged from 7to 13 mg SO4-2-S kg-1 soil in the CS
treated plots, compared to control plots which ranged from 2 to 7mg
SO4-2-S kg-1 soil.However, in the months from March to June, SO4-2
levels decreased to < 4 and < 6 mg SO4-2-S kg-I soil, foryears 1a
35
30
25
20
15
10
5
0
b
0.30 r.
0
U)
0)0.25
c Rainfall
0.-C
I I 1 1 1 C c-r.C/
0 DP A JAO
19861987
0
1988
c Soil Moisture0 -15 cm depth
Mear.MonthlySoil Temp cm depth
zc
c
CC
30
18
/
/ \:_,. -20 LL
C
)--,.L. r.--
-.-.-
I-
C
L-
i-1j
rk
0 DP A
19861987
JAO OF A
1988
DATE
Figure 1. Distribution of rainfall (a), soil moisture (0-15cm depth)
and mean monthly soil temperature (10 cm depth) (b)over the
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Figure 2. Distribution of inorganicsulfate (0-15 cm depth)as
affected by S fertilization for (a)cropped and (b)
uncropped plots over the two-yearmonitoring period.
19and 2, respectively, and were not significantly different among
treatmentsduring this time period.From June to September, 1987,
20
when high4vaporationand low precipitation occurred, the cropped CS
and ES treated plots accumulated more SO4-2 (up to 18 mg SO4-2-S kg-1
soil) than the cropped control plots which never exceded 14mg 504-2-S
kg-1 soil during that period.Sulfate accumulations were observed
among all plots during the summer months.Following S fertilizer
treatments in 1987, SO4-2 levels in the CS treated plots increased to
as much as 21 mg SO4-2-S kg-1 soil during October to December, but the
SO4-2 levels in the ES treated plotswere seemingly unaffected.At
the end of the experiment (July, 1988) SO4-2 levels in all plotswere
similar to those measured in September, 1986 before treatmentswere
established.
The distribution of ester sulfate was not significantly affected
by the treatments, but did vary seasonally.A maximum of > 140 mg S
kg-1 soil was reached in Octoberto November of 1987 (Fig. 3) when low
precipitation and high soil temperatures dominated into the fall.At
the end of the experiment, ester sulfate had increased from 79mg S
kg-1 soil (September, 1986) to > 90mg S kg-1 soil among all
treatments in July, 1988.
The C-bonded S distribution (Fig. 4) was not significantly
influenced by cropping or by the S treatments.However, there was a
trend (P<0.10) of higher levels of carbon-bonded S in cropped plots.
Carbon-bonded S concentrations increased steadily from < 10 mg S kg-1
soil in September of 1986 to as much as 40 mg S kg-1 soil by July of
1988 (P<0.001 for the effect of time).a
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Figure 3. Distribution of ester sulfate (0-15cm depth) as affected
by S fertilization for (a) cropped and (b) uncropped plots
over the two-year monitoring period.
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Figure 4. Distribution of carbon bonded sulfur (0-15cm depth) as
affected by S fertilization for (a) cropped and (b)
uncropped plots over the two-year monitoring period.The residual S distribution (Fig. 5) was not significantly
affected by cropping, but the effects of the S treatments and time
were eachignificant (P<0.01 for S treatment, P<0.01 for time).
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Residual S tended to decrease as ester SO4-2 accumulated, but reached
a maximum of nearly 140 mg S kg-1 soil in fall of 1987, when ester
SO4-2, inorganic SO4-2, and total S (Fig. 6)were also at a maximum.
There was a significant (P<0.02) effect of S treatmenton the
distribution of total S.Total S levels were similar among treatments
at the end of the experiment, and were not significantly different
from those measured in September, 1986 before treatmentswere
established.
Sulfur in Subsoils
Results from the second year showed that the distribution of
inorganic SO4-2 in the 15 to 30 cm depth (Fig. 7) followeda similar
pattern as the 0 to 15 cm depth.Following S fertilizer treatments in
September of each year, SO4-2 accumulated.During December, 1987,
levels reached a maximum of 15 mg SO4-2-S kg-1 soil in CS treated
plots, as leaching began.This leaching was less pronounced in the ES
and control plots.The effects of cropping were not apparent in the
15 to 30 cm depth.
The depth profiles down to 120 cm were measured in September,
1986, before treatments were established, and again in July, 1988, at
the end of the experiment.The SO4-2 profiles (Fig. 8) showed a
depletion zone at the 15 to 30 cm depth and a zone of accumulation150
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Figure 5. Distribution of residual sulfur (0-15cm depth) as
affected by cropping over the two-year monitoringperiod.25
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Figure 6. Distribution of total sulfur (0-15 cm depth) as affected
by S fertilization for (a) cropped and (b) uncropped plots
over the two-year monitoring period.26
a
20.0
b
i
0m5.0
uj
C
c Elemental S
A Ca-Sulfate
o Control
0
0.0
0 D
1985 1987
20.0
CROPPED
A
n E
1
(5)
0,0
c Elemental S
A CO-SUlfpte
o Control
A
0
UNCROPPE:
A
F
1985 1987
.1AOC
DATE
Figure 7. Distribution of inorganic sulfate (15-30 cm depth) as
affected by S fertilization for (a) cropped and (b)
uncropped plots over the two-year monitoring period.a
O
0
SULFATE (mg S kg-1soil)
0 i0 20 30
c r
N
o
SEPTEMBER 19866
b SULFATE (mg S kg -Isoli) c SULFF7E (mg S kg -1 sc.
O
0 I0 20 30 0 C
9° o Elemental S
Cc-Sulfcte
O Control
oJULY 1988 CROPPED
N
O
8
3
0N
27
30
o E'eme-JoS
:0-S... fate
o ConIrci
0
JULY 1988 UNCROPPEO
Figure 8. Vertical distribution of inorganic sulfate within the soil
profile (0-120 cm depth) at the beginning (a) and end of the
study for (b) cropped and (c) uncropped plots.28
below the0 cm depth, both before and after the experiment.At the
end of the experiment, there was a significant effect of cropping
(P<0.0001)and S treatment (P<0.0001) on the vertical variability of
SO4-2 within the soil profile.In the accumulation zone (60 to 90 cm
depth) there was a significant effect of cropping (P<0.001) and S
fertilization (P<0.001).Uncropped CS treated plots had the greatest
accumulation of SO4-2 in the 60 to 90 cm depth, which increased from
17 mg SO4-2-S in September, 1986 to 27 mg SO4-2-S kg-I soil by July,
1988.The uncropped control plots showed no change over time in the
accumulation zone, but in the uncropped ES treated plots it increased
to 19 mg SO4-2-S kg-I soil by July, 1988.The zone of accumulation in
the cropped control and ES treated plots decreased from 17 mg SO4-2-S
in September, 1986 to 13 mg SO4-2-S kg-I soil, and in the cropped CS
treated plots the zone increased to 19 mg SO4-2-S kg-I soil by July,
1988.Thus, the effects of leaching from surface to subsoil and crop
consumption of SO4-2 are illustrated.Roots were found down to the 90
to 120 cm depth of the cropped plots in July, 1988.
The profiles of ester sulfate (Fig. 9) showed a decrease with
depth, from 79 mg S kg-I soil in the surface soil to 25 mg S kg-I soil
at 90 to 120 cm in September, 1986.By July, 1988, when all plots had
increased to > 90 mg S kg-I soil in the surface soil, ester sulfate
levels were relatively unchanged below the 30 cm depth.
The profiles of C-bonded S (Fig. 10) also showed a decrease with
depth, from 7 mg S kg-I soil in the surface soil to < 2 mg S kg-I soil
at 90 to 120 cm in September, 1986.By July, 1988, when the surface
soil had increased to as much as 40 mg S kg-I soil, the 30 to 60 cmb
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Figure 9. Vertical distribution of ester sulfate within the soil
profile (0-120 cm depth) at the beginning (a) and end of the
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depth had Increased to 10 mg S kg-1 soil, and the 90 to 120 cm depth
was relatively unchanged.
The total S profiles (Fig. 11) decreased with depth, showing
little char!.ge by July, 1988, when cropped plots decreased from 60 to
50 mg S kg-1 soil at 90 to 120 cm and uncropped plots increased from
65 to 75 mg S kg-1 soil at 60 to 90 cm in the CS and ES treatments.
The uncropped control plots remained relatively unchanged.
Biological Parameters
The modified calibration method for microbial biomass S
estimation was successful (Ks 0.39).Table 1 contains calibration
data for determination of Ks.This modification of the calibration
procedure described by Saggar et al. (1981a), using soil dilutions as
primary inoculum, may be more specific for any given soil than using
pure cultures of bacteria and fungi.The distribution of biomass S in
the surface soil (Fig. 12) was subject to high standard errors
(coefficients of variance ranged from 12 to 82%) as measurements
needed more replications.As a result, no treatment effects were
observed and only overall means among all treatments were reported.
Biomass S in the spring of 1988 reached a maximum, steadily increasing
from 2 mg S kg-1 soil in March to 5.47 mg S kg-1 soil in May.
The distribution of arylsulfatase activity (Fig. 13) was
significantly affected by cropping (P<0.001) with greater activity in
cropped plots, but was unaffected by the S treatments.During April32
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Table 1- Proportion of biomass S recovered from bacteria and fungi in
a Woodburn soil as influenced by sulfate concentration in
till growth media.
Microbial
Tissue
Sulfate Concentration in Growth Media
LOWt MEDIUM HIGH
Mean
Bacteria
Fungi
0.4301# 0.4375 0.4485 Kb 0.4387
0.4343 0.3446 0.3598 Kf.. 0.3796
Ks 0.3944f
tl, 4, or 16 mg SO4-2-S L-1 for low, medium, and high, respectively.
*Proportion of added microbial S recovered from soil by extraction
after fumigation.
.Calculated assuming soil microbial biomass is 75% fungi and 25%
bacteria by weight.10.0
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Figure 12. Distribution of microbial biomass sulfur (0-15cm depth)
from March to July 1988.
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Figure 13. Distribution of arylsulfatase activity (0-15cm depth) as
affected by cropping over the two-year monitoring period.36
to May wheilt the soil was moist and warm, and SO4-2 levels were low,
there was a corresponding increase in arylsulfatase activity, reaching
a maximum rate of > 40 mg p-nitrophenol kg-1 soil hr-1 in April of
1987.
Microbial biomass C (Fig. 14) was at a minimum in the cropped
plots in January of each year, with no significant difference among S
treatments, and tended to increase during the spring and summer
months.There was a significant (P<0.001) influence of cropping on
the distribution of microbial biomass C, as cropped plots had greater
amounts than uncropped plots.The uncropped plots tended to
fluctuate, but followed a general decreasing trend reaching a minimum
in January, 1988, also with no significant difference among S
treatments.After January of 1988, biomass C tended to increase in
both the cropped and uncropped plots.
Distribution of pH. Nitrate. Ammonium. and Phosphate in Surface Soil
Soil pH (Fig. 15) was relatively stable throughout most of the
experiment, ranging from 6.0 to 6.8, with a small but significant
(P<0.001) cropping effect, but there was no significant S
fertilization effect on soil pH.An exception to this range occurred
in June, 1987 when pH reached a minimum of < 4.4 and < 4.2 for the
cropped and uncropped plots, respectively.This minimum was
concurrent with decreasing soil moisture levels and increasing soil
temperatures (Fig. 1).However, this dramatic decrease in pH did not
occur in year 2 of the study and the observed decrease in pH in37
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Figure 14. Distribution of microbial biomass carbon (0-15cm depth)
as affected by S fertilization for (a) cropped and (b)
uncropped plots over the two-year monitoring period.38
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monitoring period.June, 1987
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remains unexplained.It was expected that ES treatments
might decrase soil pH, but ES treatments may not have been in place
long enou4 and/or application rates may not have been high enough to
bring about this effect.
Nitrate levels (Fig. 16) were significantly influenced by
cropping (P<0.001), and were elevated during the summer and fall.The
cropped plots reached a maximum of > 35 mg NO3--N kg-1 soil in
November, 1987, with no significant difference among S fertilizer
treatments.However, uncropped ES treated plots reached a maximum of
82 mg NO3--N kg-1 soil in July, 1987.A slight increase was observed
the spring months of 1988 which was not observed the previous spring.
Soil moisture was slightly greater in spring of 1988 compared to
spring of 1987.
Ammonium levels (Fig. 17) were not significantly affected by the
treatments, but tended to be higher during the second year as compared
to the first.By the end of the experiment, ammonium returned to
levels below 10 mg NH4-1--N kg-1 soil.
Phosphate levels (Fig. 18) remained relatively constant
throughout the experiment, with no significant treatment effects
observed (P>0.10 for cropping and S treatments).Apparently,
phosphate levels in soil are strongly controlled by chemical
reactions.
Crop Uptake of S
Tables 2 and 3 contain S uptake data for 1987 and 1988 harvests,
respectively.Although date of tissue sampling was based on growth40
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Figure 16. Distribution of nitrate (0-15 cm depth) as affected by
S fertilization for (a) cropped and (b) uncropped plots
over the two-year monitoring period.41
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Figure 17. Distribution of ammonium (0-15cm depth) as affected by
S fertilization for (a) cropped and (b) uncropped plots
over the two-year monitoring period.42
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Table 2- Bi
up
in
mass dry weight, S concentration, and total S
ake in winter rape as affected by S fertilization
1987.
Plant Part Fertilizer Treatment
Control Elemental Sulfur Calcium Sulfate
Biomasst S S Biomass S Biomass S
Conc.1Uptake) Conc. Uptake Conc. Uptake
Roots
0-15 cm0.180 2311 0.42 0.213 2237 0.48 0.180 2354 0.42
15-30 cm0.009 1974 0.02 0.0151621 0.02 0.016 1717 0.03
Leaf 0.5257220 3.79 0.5746782 3.89 0.6727480 5.03
Stem 11.967 3940 47.15 12.951 3815 49.41 14.9184130 61.61
Total 12.681 ---- 51.38 13.753 ---- 53.80 15.786 67.09
Seed 2.4616212 15.29 3.397*5905 20.06 3.398*5993 20.36
t Mg ha-1
# mg S kg-1
kg S ha-1
1988 root data calculated from 1987 root-stem ratios and 1988 stem data.
* Significantly different from control at P = 0.05 according to Fisher's protected
LSD test.44
Table 3- Biomass dry weight, S concentration, and total S
u take in winter rape as affected by S fertilization
1988.
Plant Part Fertilizer Treatment
Control Elemental Sulfur Calcium Sulfate
Biomasst S S Biomass S S Biomass S
Conc.$Uptakei Conc.Uptake Conc. Uptake
Root8
0-15 cm0.131 777 0.10 0.180 1374 0.25 0.1311302 0.17
15-30 cm0.006 663 0.00 0.012 997 0.01 0.012 950 0.01
Leaf 0.9026967 6.28 0.9517686 7.31 1.0988546 9.38
Stem 9.180 1324 12.15 10.4922345 24.60 10.4922284 23.96
Total 10.219---- 18.53 11.635 ---- 32.17 11.733 ---- 33.52
Seed 2.9696181 18.35 4.305*6317 27.19 4.209*6582 27.70
t Mg ha-1
$ mg S kg-1
f kg S ha-1
a1988 root data calculated from 1987root-stem ratios and 1988 stem data.
* Significantly different from control at P= 0.01 according to Fisher's protected
LSD test.stage (see
S uptake w
uptake was
45
set) not calender date ( May 19, 1987 and June 15, 1988),
s greater in 1987 than in 1988.This difference in S
mainly found in stem tissue.Because rape flowers and sets
seed over an extended period (2-4 weeks), it is possible that sampling
did not oc
I
ur at the exact same growth stage each year which may have
affected S uptake values.Seed was harvested on the same date each
year (July 10, 1987, 1988).There was a seed yield response to S both
years (P<0.05 for 1987, P<0.01 for 1988), but there was no significant
difference between S sources.Evidently, rates of oxidation for
elemental S were rapid enough to meet crop growth requirements.
Tissue S concentrations were relatively constant regardless of S
fertilization, however in 1988 there was a trend of increased stem S
concentration with S fertilization (P<0.14).In 1987 there was a
trend of increased stem mass with S fertilization (P<0.08).A trend
of increased S uptake in stem and seed tissue with S fertilization was
observed in 1988 (P<0.07 for seed, P<0.10 for stem).46
V.DISCUSSION
S Fertilization and Cropping Effects on S Cycling
Sulfate levels were significantly affected by S fertilization.
Because calcium sulfate is a soluble salt, fall application of CS
resulted in elevated levels of SO4-2 from October to March both years
(Fig. 2) in spite of high rainfall during this period.Results from
the second year, when SO4-2 levels in the 15-30 cm depth were
substantially higher in CS treated plots as compared to controls,
suggest that leaching of SO4-2 occurred (Fig. 7).Sulfate levels in
the surface soil of ES treated plots tended to be similar to the
control plots, with the exception of March 1987 when levels were
closer to CS treated plots (Fig. 2).Evidently, rates of elemental S
(S°) oxidation are not high enough to see rapid increases in
extractable SO4-2.In spite of this fact, there was a significant
seed yield response to ES both years (Tables 2 and 3).
Beginning in March for year 1 and December for year 2, SO4-2
levels were as high as 15 mg SO4-2-S kg-1 soil, and subsequently
decreased to< 4 and < 6 mg SO4-2-S kg-1 soil by June 1987 and 1988,
respectively.This occurred in the uncropped plots which indicates
that the decrease in SO4-2 levels was not due to S uptake by plants.
Although there was variability among microbial biomass S measurements,
there was a trend of increasing biomass S levels from March to May of
1988, which provides evidence for S immobilization during the spring.
Although this decrease in SO4-2 during spring could be partially due
to leaching, the optimum time for leaching is during winter monthswhen rainf 11 is much higher than in the spring.This is
substantia
47
d by observations from the second year which indicate that
maximum leaChing appears to correspond to winter months when SO4-2
reached a imum in the 15-30 cm depth (Fig. 7).From these
observations it appears that net immobilization of S does occurr in
spring, even with fall applications of CS.
During the summer of 1987 SO4-2 levels in cropped plots
increased from < 3 mg SO4-2-S kg-1 soil in May to a range of 14-18 mg
SO4-2-S kg-1 soil in September (Fig. 2).A small increase in SO4-2
during this period also occurred in uncropped plots (Fig.2).At the
same time there was an increase in ester sulfate in cropped plots
(about 20 mg S kg-1 soil among treatments, Fig. 3), a decrease in
residual S (about 25 mg S kg-1 soil, Fig. 5), and an increase in
carbon bonded S (about 10 mg S kg-1 soil, Fig. 4) with total S staying
relatively constant in both cropped and uncropped plots.There are
potentially several mechanisms which could account for the increases
in SO4-2 and ester sulfate.First of all, there was much greater
accumulation of SO4-2 in cropped plots from May to September 1987.
With favorable moisture in early summer, cropped plots had greater
arylsulfatase activity which indicates there was increased potential
for mineralization in the presence of a growing crop.This is
consistent with greenhouse studies which have shown increased rates of
S mineralization in the presence of plant roots (Freney and spencer,
1960; Harward et al.,1962; Fitzgerald, 1976).Also, it is possible
that root exudates and the senescence of leaves and roots may have
contributed to the accumulation during that period.Another factor48
for the ser of 1987 is that there was very little precipitation
(Fig. 1).There is evidence that as soil dessicates, S is released
from organ1c matter (Barrow, 1966).
In the period from September to November 1987, total S increased
by about 70 mg S kg-1 soil in all uncropped plots, by about 100 mg S
kg-1 soil in S fertilized cropped plots, and only a slight increase
was observed in the cropped control plots.This increase in total S
was unexpected, but reanalysis of selected samples for total S and a
review of the raw data showed that this was a real trend with
coefficients of variance among all treatments being < 16%, and in many
cases they were below 10% for this time period.Obviously, in cropped
plots at planting time in September 1987, this increase could
partially be due to incorporation of crop residue which could have
increased total S by 30 mg S kg-1 soil in the 0-15 cm depth and
application of S fertilizer which could have increased total S by as
much as 25 mg S kg-1 soil in the 0-15 cm depth.Of course this does
not account for the significant increase in total S shown in uncropped
plots, especially in the controls.It must be kept in mind that
unusually low precipitation occurred during this time period.This is
reflected by a steady decrease in soil moisture August to October 1987
(Fig. 1).Since there was very little input from atmospheric S
contributions and the incorporation of plant material and S fertilizer
cannot account for the increases in total S, the only logical
explanation would be upward transport of SO4-2 from the subsoil by
evaporative forces.Since there were no measurements of SO4-2 in
October and November, 1987 in the 15-30 cm depth it cannot be49
determined whether there was a pulse of SO4-2 moving up through this
zone at th t time.However, SO4-2 in this zone did increase between
September, 1987 and December, 1987, which provides some indirect
evidence that SO4-2 was moving up through the soil profile. To
determine the feasibility of such a hypothesis, the OR-NATURE water
and solute transport model (Ungs et al., 1985) was run using actual
values of potential evaporation from July to October 1987 and subsoil
sulfate levels from September of 1986.The model indicated that an
increase of as much as 20 mg S kg-1 soil in the 0-15 cm depth could
occur in just 30 days, and by 90 days increases of as much as 60 mg S
kg-1 soil were theoretically possible.Apparently, the SO4-2 coming
from the subsoil was being incorporated into the ester sulfate and
residual S fractions, as both of these fractions increased
dramatically during this period also.This is consistent with the
results of incubation studies using 35S as a tracer (Freney et al.,
1971; Freney et al., 1975) which showed rapid incorporation of SO4-2
into the ester sulfate fraction.
C-bonded S, mainly a measure of the amino acids cystine and
methionine, was found to be correlated to microbial biomass S (P <
0.05, data not shown).The cropped plots appeared to maintain greater
amounts of C-bonded S, but this effect was not statistically
significant.Considering the probability of greater microbial
populations in the rhizosphere of cropped soil, this is not
surprising.Since C-bonded S is in a constituent form rather than a
storage form in the microbial biomass, it is less affected by excess
SO4-2 in the soil environment than is ester sulfate.Thus, it would50
only vary with fluxes in the microbial population.In addition, since
these S containing amino acids are readily degraded in soils
(Fitzgerald, 1978), they would not rapidly accumulate in the free form
in soils.
Levels of ester sulfate had much greater seasonal variation
(ranging from 79 to > 140 mg S kg-1 soil) than C-bonded S which ranged
from approximately 10 to 40 mg S kg-1 soil.The periods of ester
sulfate accumulation probably reflect incorporation of excess
inorganic SO4-2.Evidence for this is given by the fact that C-bonded
S levels remained relatively constant in comparison to ester sulfate.
This is in agreement with the work of Saggar et al. (1981a) who showed
that in pure culture increasing levels of inorganic SO4-2 in solution
caused an increase in HI-reducible S but not in C-bonded (amino acid)
S.Their study and several others (Harada and Spencer, 1960; Takebe,
1960) have shown that it is largely fungi, not bacteria, that store
intracellular S as choline sulfate (an ester sulfate).Several short
term lab/greenhouse studies using labeled 35S, have found that ester
sulfate is of a more transitory nature than is C-bonded S (McLaren et
al., 1985; McLaren and Swift, 1977; Freney et al., 1971; Freney et
al., 1975).These studies have shown that typically 60 to 90% of
added 35S labeled SO4-2 in soil is quickly incorporated into the ester
sulfate fraction and that a large proportion of S taken up by plants
comes from the ester sulfate pool, not the C-bonded S pool.Results
from my study would support these conclusions.During the period from
May through October, 1987 when there was an increase in total S, ester
sulfate accumulation preceded the accumulation of C-bonded S andresidual S
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(Figs. 3, 4, and 5).Thus, the initial response to excess
SO4-2 in the summer of 1987 was storage of S as ester sulfate, but
with timed further S cycling a large portion of this ester sulfate
was redistributed to the C-bonded S and residual S pools.Following
this period, organic S was most likely mineralized back to SO4-2 and
leached out of the surface soil reducing total S concentrations back
to previous levels.
It was unexpected that residual S would have wide seasonal
variation (ranging from < 40 to > 140 mg S kg-1 soil).Part of this
variation is due to the collective sampling and measurement error
associated with of the other S fractions, because residual S is
determined by the difference between total S and the sum of the other
S fractions.However, the seasonal variation followed a pattern that
appeared to be influenced by biological activity.For example, in
both years with the increasing moisture in the fall, residual S
increased whereas in the cool winters and springs there was a general
decrease in residual S.The lowest level of residual S occurred
during the dry summer of 1987 (Fig. 5).Thus, it appears that
residual S is not a completely inert S fraction.Despite its
resistance to hydrolysis by strong acid (HI) or base (NaOH), results
from this study indicate that the residual S pool is susceptible to
transformations on an annual basis and probably plays an important
role in mineralization/immobilization of S in soils.
Arylsulfatase activity was greatest during April of 1987, but
SO4-2 levels were low.This would correspond to studies of pure
systems where SO4-2 represses formation of sulfohydrolases52
(Fitzgeral4, 1976).Soil moisture and temperatures were conducive to
the high e zyme activity, but leaching and immobilization prevented
SO4-2 acculation from occurring until summer.However, during the
spring of year 2 this trend was not observed indicating that there are
other confounding factors that affect the synthesis of arylsulfatase.
There was no significant effect of additions of ES or CS on
arylsulfatase activity, but the influence of cropping was significant.
This result is consistent with the observations of Tabatabai and
Bremner (1970b), who found that sulfatase activities in soil are
greater in the presence of live plant roots.
Though there was a significant influence of cropping on
biological activity, there was no such influence on the temporal
distribution of S fractions.It is possible that treatments were not
in place long enough to bring about such effects.
Nitrogen and Sulfur Cycling
The distribution of nitrate did not coincide with the
distribution of SO4-2 over time, although there were some similarities
in the cropped plots.Nitrate was positively correlated with ester
sulfate in both cropped and uncropped treatments (P<0.0001, data not
shown).In cropped plots NO3- was positively correlated with SO4-2
(P<0.05).Williams (1967) observed that NO3- and SO4-2 levels
followed a similar pattern in cropped plots which was also true in
this study (Fig. 2 and Fig. 16, respectively).Thus, in the presence
of plants, NO3- is taken up by the crop, tending to keep levels53
somewhat si ilar to SO4-2.However, in the absence of plants, NO3-
was negatily correlated with SO4-2 (P<0.05).The observations of
Freney et1.(1962) and Biederbeck (1978) suggest that N and S may
not occur in the same organic compounds or fractions of the soil
organic matter and thus may not be released at the same time or rate.
Further evidence for this was shown by Saggar et al. (1981b) who found
net immobilization of S with and without the addition of cellulose or
SO4-2, whereas net N mineralization occurred with these amendments.
These observations are likely due to the modes of stabilization of N
and S, and the requirements of soil organisms for energy or nutrients
(McGill and Cole, 1981).Carbon, N, and C-bonded S are stabilized
together and released concurrently via biological mineralization when
carbon is oxidized for energy.Contrary to N, S can be stabilized in
an ester bond as ester sulfate.Ester sulfates would be mineralized
by biochemical mechanisms.Thus, net mineralization of S would depend
on the rates of two reactions, whereas net mineralization of N would
depend on only one (Freney, 1986).However, in my study, the seasonal
variation in total inorganic N was confounded by N fertilizer
applications (50 kg N ha-1 each September, and 140 kg N ha-1 each
March), thus little information concerning N mineralization and
immobilization can be derived from this study.
Extractablq Sulfate and Soil Testing for S
This study has implications about testing soils for S.There
was wide seasonal variability in SO4-2 levels.Even in the control
plots (which had not been fertilized with S for at least 20 years)54
SO4-2 ranged from < 2 to 14 mg SO4-2-S kg-1 soil.In both years there
was a significant yield response to S fertilization (Tables 2 and 3).
Since the critical level has been established at 2-3 mg SO4-2-S kg-1
soil (personal communication, John Hart, 1989), one would have come to
different conclusions as to whether this soil would have been
S responsive depending on the time of year the soil sample was taken.
Another factor is subsoil S.Current soil testing
recommendations call for sampling to a depth of 60 cm.In
environments where there are periods of significant
evapotranspiration, results from this study suggest that movement of
adsorbed subsoil SO4-2 (from a depth greater than 60 cm) to the
surface soil is theoretically possible which would affect the soil
test results depending on time of sampling.Additionally, plants can
have rooting depths below 60 cm, as was observed in this study.Thus,
not taking account of subsoil SO4-2 levels might cause an
underestimation of plant available S.
Limitations of depending on extractable SO4-2 as a soil test for
S are shown by SO4-2 levels in S treated plots (Fig. 2).In CS
treated plots elevated and significantly different levels of SO4-2
could be detected in comparison to the controls during the winter and
early spring.However, from April to mid July there were no
significant differences between the S fertilizer treatments and the
controls, even in the absence of plants.Except for March 1987, SO4-2
levels in ES treatments were similar to the controls.Yet there was a
significant seed yield response to ES both years.This suggests that
extractable SO4-2 would greatly underestimate plant available S in55
soils treated with elemental sulfur.
Extractable SO4-2 by itself does not predict plant available S.
Further coiderations that need to be addressed in S soil testing are
leaching losses, subsoil SO4-2 levels including potential for upward
transport of SO4-2 due to evapotranspiration during dry periods, and
determination of the labile S fraction.All S fractions had temporal
variations, particularly ester sulfate and residual S, suggesting that
all S fractions are subject to transformation.Thus, merely measuring
SO4-2 at a random point in time cannot give an accurate estimate of
plant available S.The ester sulfate and residual S fractions are too
heterogeneous to be sensitive indices of labile S, and also appear not
to be useful for predicting plant available S in soils.56
VI.SUMMARY AND CONCLUSIONS
Results indicate that subsoil SO4-2 supply can influence S
transformations in surface soils.Sulfate has been shown to be mobile
within the profile of this particular soil, subject to leaching and
evaporative forces.Total S in the surface soil tended to increase
during the warm, dry period in fall of 1987, even in the uncropped
control plots which received no S fertilizer, demonstrating this
mobility and the influence of subsoil SO4-2 supply on the cycling of S
in the surface soil.Crop consumption reduced subsoil SO4-2 supplies,
and S fertilizer inputs contributed to subsoil SO4-2 accumulations.
Further research is needed to verify the apparent influence of subsoil
SO4-2 on S cycling in surface soil.
Cropping significantly increased the biological activity in the
surface soil, as cropped plots exhibited greater arylsulfatase
activities and tended to have greater amounts of microbial biomass C.
The distribution of S fractions and microbial biomass S indicate
that immobilization of S occurs in spring, and that excess inorganic
SO4-2 is initially stored as ester sulfate and then later
redistributed into the C-bonded and residual S pools and mineralized
back to SO4-2.Results also indicate that residual S is not a
completely inert S fraction, because it varies seasonally and may be
affected by biological activity.
Sulfate levels were significantly influenced by S fertilization
and varied widely over time.Results show that extractable SO4-2 isnot a very
treated w
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reliable measure of plant available S, especially for soils
h elemental S.58
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Table A.1MSS and F-values for the effects of cropping, S
fertilization, and time on S fractions and biological and
chemical parameters in surface soil (0-15 cm depth).
Variable Treatment
Croppingt S Fertilizer* Timef
MSE F MSE F MSE
Sulfate 5.5 5.74 13.046.12*** 8.7 20.46***
Ester sulfate 127.2 1.40 279.6 0.24 280.0 22.89***
C Bonded S 80.1 7.21 32.3 0.02 45.5 38.17***
Residual S 551.6 1.56 370.6 7.68** 566.8 19.11***
Total S 1061.1 4.94 616.1 6.47* 754.6 22.09***
Biomass C 5029.7 17.63*** 1878.5 1.88 2781.2 12.12***
Nitrate 104.3104.30***212.3 1.07 65.8 52.40***
Ammonium 285.9 0.00 34.7 0.49 49.8 52.43***
Phosphate 1196.1 2.90 67.6 2.62 73.1 22.50***
Soil pH 0.0238.66*** 0.2 0.55 0.02157.59***
Arylsulfatase
Activity 51.3101.68***61.2 0.42 39.4 20.91***
Soil Moisture <0.01 5.54 <0.01 0.13 <0.0195.60***
*, **, ***Significant at P = 0.05, 0.01, or 0.001, respectively.
tNumerator d.f.= 1, denominator d.f. = 3.
*Numerator d.f.= 2, denominator d.f. = 12.
§Numerator d.f.= 19, denominator d.f. = 342.Table A.2
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MSE and F-values for the effects of cropping and S
fertilization on sulfate levels in subsoil at the endof
the study (July, 1988).
Depth Treatment Effect
Croppingf S Fertilizer*
MSE F MSE
15-30 cm 1.65 0.91 1.00 6.50*
30-60 cm 7.93 2.03 7.02 9.98**
60-90 cm 9.33 20.20*** 12.12 13.97***
90-120 cm 54.99 1.60 3.65 1.87
*, **, ***Significant at P = 0.05, 0.01,or 0.001,respectively.
Numerator d.f.= 1, denominator d.f. = 3.
*Numerator d.f. = 2, denominator d.f.= 12.